Modulation of ion channels by protein phosphorylation and dephosphorylation.
Modulation of the properties of membrane ion channels is of fundamental importance for the regulation of neuronal electrical activity and of higher neural functions. Among the many potential molecular mechanisms for modulating the activity of membrane proteins such as ion channels, protein phosphorylation has been chosen by cells to play a particularly prominent part. This is not surprising given the central role of protein phosphorylation in a wide variety of cellular, metabolic, and signaling processes (26, 27, 48). As summarized here, regulation by phosphorylation is not restricted to one or another class of ion channel; rather, many, and perhaps all, ion channels are subject to modulation by phosphorylation. Similarly, a number of different protein kinase signaling pathways can participate in the regulation of ion channel properties, and it is not unusual to find that a particular channel is modulated by several different protein kinases, each influencing channel activity in a unique way. Finally, the biophysical mechanisms of modulation also exhibit a striking diversity that ranges from changes in desensitization rates to shifts in the voltage dependence and kinetics of channel activation and inactivation. The convergence of channel molecular biology with patch-clamp technology has been spectacularly productive, even allowing the identification of particular amino acid residues in ion channel proteins that participate in specific modulatory changes in channel biophysical properties. This task is far from complete, and no doubt there remain surprises in store for us, but nevertheless it is appropriate to ask where we go from here. One important direction will be to relate functional modulation, produced by phosphorylation, to changes in the three-dimensional structure of the ion channel protein. Unfortunately, structural studies of membrane proteins are extremely difficult, and to date there is no high resolution structure available for any ion channel protein. A complementary strategy that is more feasible with current technology is to investigate the ways in which channel modulation contributes to the regulation of cellular physiology. Novel computational approaches are being brought to bear on this complex issue, and their combination with channel molecular biology and biophysics should significantly advance our understanding of molecular mechanisms of neuronal plasticity.